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INTRODUCTION
Triticum aestivum (wheat, 2n = 6x = 42, AABBDD) is cultivated across more land area than any other grain crop. Qualitatively, wheat cultivars are classified as two general types: winter wheat, with a variable low-temperature requirement for a proper flowering time (vernalization) and thus successful grain reproduction, and spring wheat, without this requirement (Chouard, 1960; Pugsley, 1971; Amasino, 2004) . Quantitatively, winter wheat cultivars are classified as three types according to the low temperature duration required to reach the vernalization saturation point or to achieve the maximum vernalization effect: a weak winter type that is stimulated to flower by brief exposure to low temperature (for <2 weeks); a semi-winter type that requires 2-4 weeks of cold exposure for flowering; and a strong winter type that requires more than 4 weeks of cold exposure for timely flowering (Crofts, 1989) .
Vernalization usually occurs at temperatures of <8°C (Chouard, 1960; Pugsley, 1971; Crofts, 1989; Amasino, 2004) . Recent studies have shown that the average global surface air temperature rose by 0.5°C in the 20th century, and is projected to continue its increase by roughly 3°C or 5°C by the end of the 21st century (Kerr, 2007; Semenov and Halford, 2009) . As various simulation models have shown, winter wheat is more vulnerable to increasing temperatures during winter seasons because of its low temperature requirement to ensure proper flowering time and successful seed reproduction (Miglietta et al., 1995; Humphreys et al., 2006) . A shortened duration at low temperature, caused by global warming, could result in a failed or insufficient vernalization in winter wheat. The cloning of genes for quantitative vernalization requirement durations in winter wheat cultivars would provide new knowledge and molecular tools to breed novel cultivars to adapt to changing climates.
Three vernalization genes have been cloned from wheat by using a positional cloning approach, VRN1 (Yan et al., 2003) , VRN2 (Yan et al., 2004a) and VRN3 , and each of them was cloned in the context of growth habit as a discrete trait of winter and spring types in diploid wheat and Hordeum vulgare (barley). VRN1 (=AP1) is a central promoter for spring cultivars to flower without vernalization (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003) , and dominant Vrn-A1 alleles originated from mutations in the promoter or the first intron of the wild recessive vrn-A1 in hexaploid wheat (Yan et al., 2004b; Fu et al., 2005) . A recent study reported that the increased copy number of TaVRN-A1 resulted in an increased requirement for vernalization in winter wheat (D ıaz et al., 2012) . VRN2 (=ZCCT1) is a flowering repressor, and a recessive vrn2 allele was caused by a point mutation at the conserved CCT domain or complete deletion of the wild dominant Vrn2 in diploid wheat (Yan et al., 2004a) . VRN3 (=FT1) is another flowering promoter, and the earlyflowering plants carry Vrn3 alleles originating from mutations in the promoter or the first intron in wheat and barley . The genetic and molecular mechanisms to account for the qualitative difference in the three genes between the two divergent types of wheat are not expected to explain the quantitative variation in vernalization requirement duration among winter wheat cultivars, because all winter wheat cultivars are supposed to have the same winter allele for each of the three cloned vernalization genes: recessive vrn1, recessive vrn3 and dominant Vrn2 alleles (Pugsley, 1971; Tranquilli and Dubcovsky, 2000) . No exception was reported to invalidate this genetic model, when numerous cultivars/germplasm from different wheat species varying in ploidy level were screened using molecular markers for each of the three genes (Yan et al., 2003 (Yan et al., , 2004a Fu et al., 2005; Bonnin et al., 2008; Zhang et al., 2008; Santra et al., 2009; Chen et al., 2010) .
The molecular mechanism underlying quantitative vernalization requirement in a winter type of Arabidopsis is not yet known, but could be explained by three models. The first model is that vernalization results in a quantitative reduction in FLC mRNA levels, which negatively correlates with flowering time (Michaels and Amasino, 1999; Sheldon et al., 1999) . The second model is that the transcript level of FLC is upregulated or downregulated by multiple genes, including VIN3 and FRI in the vernalization pathway, as well as GI, CO and FT in the photoperiod pathway (Reeves and Coupland, 2001; Levy et al., 2002; Corbesier et al., 2007; Heo and Sung, 2011) . The signals from these pathways are integrated at FLC to induce AP1 for flowering. The last model is that quantitative vernalization requirement is modulated by the accumulation of the Polycomb-based epigenetic silencing complexes and histone modifications at the FLC gene (Angel et al., 2011) , and the quantitative modulation of Polycomb silencing is associated with natural variation in the sequence of FLC (Coustham et al., 2012) . Previous studies have demonstrated that vernalization has evolved different mechanisms between winter wheat and Arabidopsis (Yan et al., 2003) . The gene(s) responsible for various vernalization requirement durations in winter wheat should be cloned from a population generated using two winter wheat cultivars with different vernalization saturation points.
In previous studies, we developed a population of recombinant inbred lines (RILs), generated from a cross between two winter wheat cultivars: 'Jagger' and '2174'. When different sets of the same population were tested in field, the RIL population was segregated in stem elongation, heading date and physiological maturity (Chen et al., 2009) . In this previous study, a polymerase chain reaction (PCR) marker developed for allelic variation in exon 4 of TaVRN-A1 was found to have genetic association with a major quantitative trait locus (QTL) for the phenotypes, but it was not known whether TaVRN-A1 caused the QTL in winter wheat. If TaVRN-A1 was indeed responsible for this QTL, it could have different mechanisms in regulating the developmental process in winter wheat (as opposed to spring wheat). Otherwise, another gene at the TaVRN-A1 locus should be responsible for the QTL regulating developmental process in winter wheat. In the present study, we tested this RIL population under thermal-and photocontrolled glasshouse conditions, and found a major QTL for vernalization requirement duration. We then generated a large backcross population and cloned the first gene for vernalization requirement duration in winter wheat.
RESULTS

The discovery of a major gene for vernalization requirement duration
We tested the two parental lines, Jagger and 2174, for variation in vernalization requirement duration to reach the vernalization saturation point or gain the maximum vernalization effect on heading under long-day conditions (16-h day/8-h night). Jagger required 3 weeks at 4°C to reach the maximum vernalization effect on heading, whereas 2174 required 6 weeks under the same conditions ( Figure 1a ). When vernalized for 3 weeks, Jagger flowered 101 days after planting but 2174 flowered 136 days after planting. When vernalized for 6 weeks, Jagger flowered 106 days after planting but 2174 flowered 115 days after planting. A major QTL for vernalization requirement duration that segregated in the mapping population of Jagger 9 2174 RILs was mapped to the long arm of chromosome 5A in a genomic region encompassing the vrn-A1 locus (Figure 1b) , and this QTL was designated QVrd.osu-5A. The QVrd.osu-5A locus explained 63.4% (logarithm of the odds, LOD = 18.8) of the total phenotypic variation in the population vernalized for 3 weeks, 43.2% (LOD = 11.3) in the population vernalized for 6 weeks and 20.9% (LOD = 4.3) in the control population with no vernalization.
A recombinant inbred line, RIL23, carrying the Jagger vrn-A1 allele, was backcrossed with the parental line 2174 to generate a BC 1 F 2 population, in which the QVrd.osu-5A locus was heterozygous but each of PPD-D1 and VRN-D3
were fixed at the homozygous allele. The latter two genes showed significant effects on heading date in the Jagger 9 2174 RIL population when tested in the field (Chen et al., 2009) . The resulting BC 1 F 2 population was used to Table S1 .
test genetic effects of the QVrd.osu-5A locus on vernalization requirement in winter wheat. Ninety plants of the RIL23 9 2174 BC 1 F 2 population were tested for heading date when the population was vernalized for 3 weeks. On average, 24 plants homozygous for the Jagger vrn-A1 allele headed at 110 days after planting, 20 plants homozygous for the 2174 vrn-A1 allele headed at 138 days and 46 plants heterozygous at vrn-A1 headed at 118 days. In order to avoid confusion of gene/allele in the terminology (Vrn-A1a, Vrn-A1b, Vrn-A1c, Vrn-A1d and Vrn-A1e were designed for the dominant or spring alleles; Yan et al., 2004b) , the Jagger vrn-A1 allele is hereafter designated as vrn-A1a and the 2174 vrn-A1 allele is designated as vrn-A1b, and TaVRN-A1 rather than Tavrn-A1 is used for both vrn-A1a and vrn-A1b.
The 70 plants either homozygous or heterozygous for the Jagger vrn-A1a allele for early heading showed a significant difference from the 20 plants homozygous for the 2174 vrnA1b allele for late heading (P < 0.001). The observed segregation ratio between the earlier-heading and later-heading groups was not significantly different from a 3:1 ratio (v 2 = 0.37, d.f. = 1, P = 0.54), and fits with a one-gene model. We genotyped a total of 6410 BC 1 F 3 plants derived from BC 1 F 2 plants heterozygous at vrn-A1 using PCR markers for GENE1 and CDO708 that flanked the gene responsible for QVrd.osu-5A (Figure 1c) , and the progeny of the resulting seven critical recombinant plants that exhibited a crossover between PCS1 and OPT1 ( Figure 1d ) were tested for heading date after vernalization for 3 weeks. The results clearly showed that each of the progeny population was segregated in a 3:1 ratio of plants that headed early and plants that headed later, indicating the dominance of the vrn-A1a allele for early heading over the vrn-A1b allele for late heading ( Figure 1e ; see Table S1 ).
The positional cloning of QVrd.osu-5A
We determined the locations of crossovers using PCR markers for nine genes at the QVrd.osu-5A locus (see Figures S1-S9 ). Subsequently, the gene responsible for QVrd.osu-5A was positioned within a genomic region flanked by PCS1 and CYS1, and included three candidate genes: CYB5, AGLG1 and vrn-A1. Gene expression results indicated that the vernalization requirement duration was not associated with any of the candidate genes at the transcriptional level (see Figure S10 ), suggesting that this trait was controlled by a candidate gene at the protein level.
No difference was observed in the CYB5 protein encoded by the two alleles, eliminating the possibility that CYB5 is responsible for QVrd.osu-5A. One amino acid substitution occurred in AGLG1 but the substituted amino acids are similar, serine in Jagger and alanine in 2174, and AGLG1 may be involved in spike differentiation but not in flowering time (Yan et al., 2003) . In contrast, two amino acid substitutions occurred in vrn-A1, and the substituted amino acids are very different. In vrn-A1, one single nucleotide polymorphism (SNP) occurred in exon 4, producing a leucine (Leu) at position 117 in vrn-A1a, encoded by the Jagger allele, but a phenylalanine (Phe) at the same position in vrn-A1b, encoded by the 2174 allele ( Figure 2a ). The second SNP occurred in exon 7, producing an alanine (Ala) at position 180 in vrn-A1a, but a valine (Val) at the same position in vrn-A1b (Figure 2a ). The vrn-A1 is a MADS-box protein (Mandel et al., 1992) , and the Leu 117 /Phe 117 substitution occurred within the conserved K-box at positions 89-174, whereas the Ala 180 /Val 180 substitution occurred in the divergent C terminal. In addition, VRN1 functions in the vernalization pathway in wheat (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003) ; therefore, we further tested and validated the hypothesis that allelic variation in the vrn-A1 protein is responsible for QVrd.osu-5A.
A differential interaction of vrn-A1a and vrn-A1b with TaHOX1
To determine whether the protein properties of vrn-A1a or vrn-A1b have been altered by the presence of the two mutations, we first expressed vrn-A1a and vrn-A1b proteins of full length using the pSUMO vector. However, after the pSUMO portion containing 6xHIS-Tag was removed, vrn-A1b was almost insoluble, whereas vrn-A1a was soluble. The decrease in vrn-A1b protein solubility could result in altered function. To investigate if vrn-A1a or vrn-A1b has different interactions with any protein partners, we used vrn-A1a as bait to screen a yeast-two hybrid (Y2H) library generated from Jagger. Positive clones identified from the Y2H library included TaSOC1 (T. aestivum wheat suppressor of overexpression of constans 1) and TaVRT2 (T. aestivum wheat vegetative to reproductive transition 2), both of which have physical interactions with other MADS proteins because of the presence of a K-box in these proteins (Mandel et al., 1992; Yang et al., 2004; Kane et al., 2005) . Strong interactions between TaVRN-A1 and TaSOC1 and between TaVRN-A1 and TaVRT2 were detected in our pull-down assays and immunoprecipitation analyses (Figure 3 ), but no significant difference was found in the interaction of vrn-A1a and vrnA1b with TaSOC1 or TaVRT2, suggesting that the interaction of TaVRN-A1 with TaSOC1 or TaVRT2 was not directly involved in controlling vernalization requirement duration in winter wheat.
We discovered, however, that a protein TaHOX1 not only interacted with TaVRN-A1 but also interacted differently with vrn-A1a and vrn-A1b. Three independent cDNA clones identified from the Y2H library were predicted to encode 127 amino acids [100-226 aa (end)] of the TaHOX1 protein (Figure 2g ). In pull-down assays, both vrn-A1a and vrn-A1b proteins interacted with TaHOX1, but the vrn-A1b protein showed a visible decrease in its interaction ability with The TaHOX1 protein found in this study has the same structure of the homeodomain (HD) and the leucine zipper domain (Zip) (Figure 2h ) as HOX proteins reported in animals (Ariel et al., 2007) , and TaHOX1 and TaVRN-A1 shared five leucine residues present in the Zip domain (Figure 2f ). It is likely that the physical interaction between TaHOX1 and TaVRN-A1 is attributable to the presence of the zipper in the two proteins; however, the Ala 180 in vrn-A1b represented the same amino acid residue as TaHOX1, but Val 180 caused a mismatch between vrn-A1b and TaHOX1 (Figure 2f ). This mismatch explained the decreased ability of vrn-A1b to interact with TaHOX1, indicating the Ala 180 /Val 180 substitution outside the K-box in TaVRN-A1 was involved in its physical interaction with TaHOX1. We confirmed that TaVRN-A1 and TaHOX1 proteins exhibited direct binding in living cells by using a transient expression system in tobacco leaves (Lu et al., 2010) full-length TaVRN-A1 was expressed by pEG101-YFP vector, and enriched yellow fluorescent signals were detected predominantly in the nucleus (Figure 5b ). The full-length TaHOX1 was not expressed by the pEG101-YFP vector or by a series of bimolecular fluorescence complementation (BiFC) vectors (Waadt et al., 2008) ; therefore, we expressed a protein fragment, TaHOX1(1-180), to localize the protein in living cells. When TaHOX1-YFP(1-180) alone was expressed, enriched yellow fluorescent signals were detected only in the nucleus (Figure 5b ). Then, we cloned TaVRN-A1 into pEG201-YN vector and TaHOX1(1-180) into pEG202-YC vector and analyzed in vivo protein interactions by BiFC. When TaVRN-A1-YN and TaHOX1(1-180)-YC were simultaneously expressed in the same cell, yellow fluorescence was observed in the nucleus with a confocal microscope (Figure 5c ,e). We observed that when TaVRN-A1-YN and TaHOX1(100-end)-YC were simultaneously expressed in the same cell, TaVRN-A1 and TaHOX1 had a very strong interaction (Figure 5f ). Furthermore, TaHOX1(100-end) showed more interacting fluorescence with vrn-A1a than vrn-A1b in multiple images on a large scale. These results were consistent with the results for the differential in vitro interactions of TaHOX1(100-end) with vrn-A1a and vrn-A1b.
The upregulation of TaHOX1 by low temperature and its genetic effects on heading date
We isolated the complete TaHOX1 gene from Jagger (JQ915061) and 2174 (JQ915062) for functional characterization. Using RT-PCR, we found that the TaHOX1 transcripts in leaves were greatly upregulated, and remained at a high level during vernalization (Figure 6a ). This result indicated that TaHOX1 had a similar expression pattern as the recessive vrn1 allele characterized in previous studies (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003) . TaHOX1 and TaVRN-A1 were concomitantly upregulated by low temperature, indicating that they functioned in the flowering pathway.
We developed a PCR marker for one SNP (see Figure  S11A) , and mapped TaHOX1 to chromosome 6B using the Jagger 9 2174 RIL population (see Figure S11B) . A significant difference in heading date was observed between the Jagger TaHOX1a and the 2174 TaHOX1b alleles (120 versus 109 days, respectively) in the RIL population vernalized for 3 weeks (P < 0.05), but not in the RIL population vernalized for 6 weeks or the control population (Figure 6b ). The SNP in exon 1 resulted in a 'leucine' residue at position 99 in TaHOX1b and a 'proline' residue at the same position in TaHOX1a ( Figure S12A ). This point mutation in TaHOX1 did not affect its interaction with vrn-A1 ( Figure S12B ). In contrast, the higher TaHOX1 transcriptional level was associated with earlier heading, suggesting that the regulation of heading date by TaHOX1 was at the transcriptional level.
DISCUSSION
All of the vernalization genes that were previously cloned are related to segregation between spring wheat and winter wheat, which can differ by as many as several months in phenotype (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003 Yan et al., , 2004a Yan et al., , 2006 . The phenotypic segregation in flowering time among winter wheat cultivars usually spans a few days when the plants are tested in the field (Chen et al., 2009 (Chen et al., , 2010 . The present study allowed us to observe more than 1 month for flowering time segregated between the two winter wheat cultivars when a 3-week vernalization was performed under thermal-and photoperiodic-controlled conditions. This approach was used to separate the effect of low temperature in accelerating the developmental transition from the effect of low temperature in delaying the growth rate in a semi-winter cultivar that required only 3 weeks at low temperatures for full vernalization. If the semi-winter wheat cultivar was vernalized for 6 weeks, as has been performed in numerous studies, the oververnalized plant to the prolonged low temperatures after 3 weeks would not be accelerated flowering, but would instead result in delayed flowering. Winter wheat, for which any requirement for vernalization has been fully satisfied, will have similar responses to ambient temperature as spring wheat (Snape et al., 2001) . If the fully vernalized plants continue to stay at low temperatures, however, the developmental process of these over-vernalized plants will be delayed because of a longer phyllochron and a slower growth rate (McMaster, 2005) . The phenotyping approach used in this study has facilitated In a previous study, we found a C/T polymorphism in exon 4 that is responsible for the amino acid change at Leu 117 /Phe 117 in TaVRN-A1 between the Jagger allele and the 2174 allele, and we developed a PCR marker for this polymorphism that showed an association with developmental variation in the Jagger 9 2174 RIL population tested in the field (Chen et al., 2009) . It was recently reported that TaVRN-A1 was duplicated in winter wheat cv. 'Hereward' (JF965397) but not in 'Claire' (JF965395) (D ıaz et al., 2012) . In the population of Claire 9 Hereward, plants homozygous for the Claire allele flowered earlier and plants homozygous for the Hereward allele flowered later, whereas heterozygotes had an intermediate flowering time; therefore, the authors concluded that the increased copy number of TaV-RN-A1 in Hereward resulted in an increased requirement for vernalization (and thus late flowering). We found that at the polymorphic sites of both exon 4 and exon 7, Jagger has the same allele as Claire and 2174 has the same allele as Hereward. We also observed the duplication event of vrn-A1b in 2174 for more vernalization, but not in Jagger for less vernalization ( Figure S13 ). Thus, on the surface, it seems that the two studies have consistent results and that the phenomenon that Diaz et al. described in their paper, that plants with an increased copy number of TaVRN-A1 have an increased requirement for vernalization, was correct. However, we affirm that a greater vernalization requirement in 2174 was not because 2174 has one more vrn-A1 copy than Jagger, but because Jagger produces a different vrn-A1 protein than 2174. Our results from several independent progeny populations clearly and consistently demonstrated the Jagger vrn-A1a allele for early flowering was dominant over the 2174 vrn-A1b allele for late flowering, with pheno- typic segregation of 3:1 (Figure 1e ; Table S1 ). The two studies have come to different conclusions for several reasons. First, in the Diaz et al. study, vernalization was performed under short-day conditions (7°C, 8 h of light), and then the vernalized plants were grown under long-day conditions (18 h of light) in a glasshouse (no temperature condition was provided). In our study, however, vernalization was performed at 4°C with 16 h of light, and then the vernalized plants were moved to 25°C and 16 h of light. The same long day was set throughout the experiment in our study to avoid any disruption of photoperiod, which is well known to have significant effects on flowering in winter wheat Wang et al., 2009) . Second, in the Diaz et al. study a small mapping population of 96 F 2 lines was used to test the association between the vrn-A1 copy number and flowering time. By contrast, we generated a backcross population and screened 6500 plants to find several lines that had crossovers at the vrn-A1 locus. The flowering time in the progeny of these recombinant lines was segregated by a single gene vrn-A1a, without any disruption by other genetic factors for this phenotype. Third, vrn-A1 is the promoter of flowering, as shown in wheat and barley (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003) , and in Arabidopsis (Ng and Yanofsky, 2001 ). The dosage effect of two copies from such a flowering promoter should not result in a phenotype of a later flowering time, as suggested in the previous study (D ıaz et al., 2012) . In this study, we used the positional cloning strategy to prove that vrn-A1a in Jagger was dominant for early flowering, regardless of the function of the duplicated vrn-A1b in 2174. Therefore, we concluded that less vernalization requirement by Jagger resulted from its vrnA1a protein form, or that more vernalization requirement in 2174 was not due to the presence of its two copies of vrn-A1b. Sequence comparison analyses showed that the A genome of the diploid donor (Triticum urartu, GenBank accession DQ291016) and the tetraploid donor (Triticum turgidum, GenBank accession AY747598) had exactly the same cDNA sequence of vrn-A1a as Jagger, suggesting that the vrn-A1a allele in Jagger is the wild type. The two amino acids, Phe 117 and Val 180 , in vrn-A1b in cultivar 2174
were mutated during the domestication and adaptation of hexaploid wheat. Previous studies revealed that the recessive vrn-A1 allele for winter growth habit is the wild type, and the dominant Vrn-A1 allele for spring growth habit was mutated via insertions or deletions in the promoter or the first intron (Yan et al., 2004b; Fu et al., 2005) . This study revealed that winter wheat cultivars Jagger and 2174 carried the same recessive vrn-A1 allele but encoded different vrn-A1 proteins that underlie various vernalization requirement durations. Altogether, these studies demonstrate that a single gene may evolve differential mechanisms to enable adaptation to multiple environmental conditions. Through one mechanism evolution occurred at the transcriptional level by mutations in the promoter or first-intron region of vrn-A1, producing Vrn-A1 that confers spring growth habit without vernalization requirement (Yan et al., 2004b; Fu et al., 2005) . Through a second mechanism, the wild-type vrn-A1a allele for less vernalization requirement in semi-winter wheat cultivars like Jagger evolved at the protein level through mutations in the coding region, producing vrn-A1b for greater vernalization requirement in strong winter wheat cultivars like 2174. The proposed mechanism underlying the quantitative vernali-(a) (b) Figure 6 . Expression profiles of TaHOX1 and its genetic effect on flowering time.
(a) Expression pattern of TaHOX1 in the glasshouse (GH) and in the cold room (CR). Transcript levels of TaHOX1a (the Jagger allele) and TaHOX1b (the 2174 allele) in leaves of vernalized plants for 3 and 6 weeks, as well as non-vernalized plants (CK) are shown using the values calculated by the 2 (ÀDDCT) method, where CT is the cycle threshold, and actin was used as an endogenous control. The primers for TaHOX1 and actin are provided in Table S2 . The values represent mean expression levels (n = 15-20), and the error bars indicate standard errors. (b) Genetic effect of TaHOX1 on heading date. The heading date was from each line of the population (n = 96) that was vernalized for 3 or 6 weeks, or used for the control in the glasshouse (CK). The significant effects of the TaHOX1 gene on heading date were determined using one-way analysis of variance (ANOVA). zation requirement in winter wheat differs from the mechanisms that explain the various vernalization requirement durations in winter types of Arabidopsis (Michaels and Amasino, 1999; Sheldon et al., 1999; Reeves and Coupland, 2001; Levy et al., 2002; Corbesier et al., 2007; Angel et al., 2011; Heo and Sung, 2011; Coustham et al., 2012) .
TaHOX1 is an orthologue of rice homeobox HOX24 (NP_001047582.1) and Arabidopsis thaliana homeobox 7 (AtHB-7) (NP_182191.1). AtHB7 was characterized as a member of HD-Zip class I involved in responses to water and light stresses, and overexpression of AtHB7 resulted in the early flowering of transgenic Arabidopsis plants (Olsson et al., 2004) , providing supporting evidence for the role of the HOX genes in the regulation of flowering time in plants. TaHOX1 is one of the HOX proteins known to function as an on-off switch in controlling development, including specialization of regional identities along the anterio/posterior axis in a wide range of phyla in animals (Manak and Scott, 1994) , whereas vrn-A1 (=AP1) is one of the MADS-box proteins known to act as floral switches for the transition from vegetative to reproductive development in plants (Ng and Yanofsky, 2001 ). This study presented one example in which MADS and HOX proteins involving homeosis have a direct binding in higher plants.
In winter wheat, two models were established to explain the relationship between the three vernalization genes that have been cloned so far: the first model supposes that VRN3 positively regulates VRN1, which then negatively downregulates VRN2 ; the second model hypothesizes that VRN1 activates its downstream gene VRN3, which then downregulates VRN2 (Shimada et al., 2009) . In this study, we focused on the positional cloning of the gene for vernalization requirement duration in winter wheat. In the cloning population, flowering time segregated according to a single gene, vrn-A1, and no genetic effect was observed from VRN2 or VRN3. When vrn-A1 acts as a protein in either of the two models, it should appear as a TaVRN1-TaHOX1 protein complex because of a direct binding between them. TaHOX1 protein and TaVRN-A1 protein should also have direct interaction in spring wheat cultivars, although the role of the protein complex in regulating flowering time in spring wheat needs to be investigated.
Previous studies suggested that the gene for vernalization requirement duration was postulated as a sensor to code for a temperature-sensitive protein (Roberts, 1990; Amasino, 2004; Sung and Amasino, 2004) . The findings from this study indicated that the vrn-A1 protein could function as such a sensor, to measure cold duration. Although the accumulation of vrn-A1a was accelerated by a 3-week vernalization duration, its activity reached a threshold for flowering. Compared with vrn-A1a, vrn-A1b needs a longer time at the low temperature to reach the same activity. The point mutation at Val 180 of vrn-A1a is critical in retaining vrn-A1 activity. The TaHOX1 protein was suggested to function in the flowering pathway, based on its direct interaction with TaVRN-A1 and genetic association with flowering time; however, the role of TaHOX1 in regulating flowering time needs to be confirmed in transgenic plants, and further experiments are also needed to test if the TaVRN-A1-TaHOX1 protein complex is sensed by low temperature in winter wheat. The information on the role of TaVRN-A1 in controlling vernalization requirement duration is particularly useful for directing breeding cultivars for adaptation to global warming in future climate scenarios for winter wheat, which represents approximately 75% of the wheat grown worldwide.
EXPERIMENTAL PROCEDURES Plant materials and vernalization experiments
Jagger and 2174 were initially grown in a glasshouse at 20-25°C under long days (LD, 16-h day/8-h night). At the fifth-leaf stage, the parental plants were moved into a cold room with 4°C and the LD photoperiod. The LD photoperiod was applied throughout this study to avoid any disruption from photoperiod effects on vernalization . The two parental lines were vernalized for varying numbers of weeks. The vernalized plants were returned to the glasshouse, whereas non-vernalized plants that continuously remained in the glasshouse were used as controls. The heading date for eight plants for each treatment was scored. Three populations from the same Jagger 9 2174 RILs were initially grown in the same glasshouse as used for the parental lines. At the fifth-leaf stage, two of these populations were vernalized for 3 and 6 weeks, respectively. The vernalized populations were returned to the glasshouse for comparison with the third population as a non-vernalized control. The heading date was scored for three plants of each line in these three populations.
Development of PCR markers for the genes flanking QVrd.osu-5A
A total of nine genes in the QVrd.osu-5A locus were converted to orthologous genes in chromosome 5A of hexaploid wheat tested in this study. PCR markers for each of nine genes at the QVrd.osu-5A locus were developed and used to determine the locations of critical crossovers in the recombinant plants ( Figures S1-S9 ).
Allelic variation and expression of candidate genes for QVrd.osu-5A
Each of the two alleles for each of three candidate genes was sequenced. Two SNPs were found in CYB5 between the Jagger allele and the 2174 allele, 10 SNPs were found in AGLG1 between the Jagger allele and the 2174 allele, and 29 SNPs were found in vrn-A1 between the Jagger allele and the 2174 allele. Transcript levels for vrn-A1, AGLG1 and CYB5 were determined from the same cDNA sample collected from five plants for the vernalized and non-vernalized treatments, and actin was used as an endogenous control (see Figure S10 ). The specific primers for expression of these genes are listed in Table S2 .
Identification of proteins interacting with vrn-A1
The 'Matchmaker TM ' Library Construction & Screening System (Clontech, http://www.clontech.com) was used to construct a Y2H 'prey' library for Jagger. RNA was extracted from pooled samples of young leaves and apices from vernalized plants for 1, 2 and 3 weeks, and the vrn-A1a was used as 'bait' to screen the 'prey' library. The constructing and screening procedures were described in a previous study in which 2174 was used as a host plant (Cao and Yan, 2013) .
Protein pull-down assay
The complete vrn-A1a and vrn-A1b cDNA sequences were cloned into pSUMO vectors with an N-terminal 6XHIS-tag (Deng et al., 2008) , and vrn-A1 fragments (85-end) were also cloned into the pSUMO vector. Three shorter fragments for each of vrn-A1a and vrn-A1b, encoding different mutations, were cloned into pSKB3 with an N-terminal 6XHIS-tag (Figure 2c-e) . The TaSOC1, TaVRT2 and TaHOX1 cDNA obtained from the Y2H library were cloned into the pMAL-c2X vector with a MBP-tag (New England BioLabs, http://www.neb.com). The primers used in cloning are listed in Table S3 . The protein constructs were expressed in Escherichia coli (BL21 DE3). The expressed proteins from pSUMO and pSKB3 were dialyzed and purified using Ni-NTA column (QIAGEN, http:// www.qiagen.com). The proteins fused with MBP-tag were dialyzed and purified with amylase column (New England BioLabs).
A protein fused with the MBP-tag (500 lg ml
À1
, 50 ll) was incubated with amylase resin (40 ll) for 1 h at 4°C in the column buffer, and the MBP-tag (500 lg ml
, 50 ll) alone was used as a negative control. A protein fused with the 6XHIS-tag (500 lg ml À1 , 100 ll) was added to the amylase resins and incubated for 4 h at 4°C. The interacting proteins in the resin were then washed with the column buffer between six and eight times, depending on when the protein tagged with the 6XHIS-tag was no longer observed in the negative control. The protein that bound to the resin was eluted by boiling the samples in 100 ll of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer for 5 min. The eluted protein samples (80 ll) were analyzed by 10% SDS-PAGE stained with Coomassie Brilliant blue.
Western blot was performed using the protocol previously described by Earley et al. (2006) . Immunodetection was performed using primary antibodies (1:1000 dilution): anti-Maltose Binding Protein (MBP) (M1321; Sigma-Aldrich, http://www.sigmaaldrich.com) to detect HOX1-MBP, and anti-6XHIS (SAB4600048; Sigma-Aldrich) to detect TaVRN-A1-HIS, TaSOC1-HIS or TaVRT2-HIS. After washing, anti-Mouse IgG-Alkaline Phosphatase antibody (A3562; Sigma-Aldrich) was used as the secondary antibody. The membranes were washed three times before color was developed with Alkaline Phosphatase Conjugate Substrate Kit (170-6432; Bio-Rad, http://www.bio-rad.com).
Subcellular localization and in vivo interaction of TaVRN-A1 and TaHOX1 proteins
The complete TaVRN-A1 cDNA was cloned into pDONR207 with the BP cloning kit (Invitrogen, now Life Technologies, http:// www.lifetechnologies.com), and then transferred to pEarleygate 101 (pEG101) using the LR cloning kit for subcellular localization of TaVRN-A1. TaVRN-A1 in pDONR207 was fused to the N-terminal 174 amino acid portion (1-174 aa) of YFP in the pEarleyGate201-YN vector (pEG201-YN) to test in vivo interaction with TaHOX1 [1-180 aa, 100-226 aa (end)] fused to the C-terminal amino acid portion (175-239 aa) of YFP in the pEarleyGate202-YC vector (pEG202-YC). Empty vectors were also used as negative controls for interaction with TaVRN-A1 or TaHOX1 proteins. Agrobacterium tumefaciens strains (GV3101) carrying the BiFC constructs were used together with the p19 strain for infiltration of Nicotiana benthamiana leaves (at 5 weeks old). Leaf discs were cut for BiFC for imaging 3 days after infiltration. Images were visualized under a confocal microscope (TCS SP2; Leica, http:// www.leica-microsystems.com). The images (Figure 5a -e) were also taken with a bright filter (BF) to indicate the background of the leaves infiltrated with A. tumefaciens carrying constructs, or with an ultraviolet filter to indicate the position of the nucleus stained with 4′,6-diamidino-2-phenylindole (DAPI). The overlay images align the locations of YFP with the DAPI-stained nucleus. Images (Figure 5f ) were taken under a fluorescent microscope (BX51; Olympus, http://www.olympus-global.com) with GFP filter to indicate the presence of fluorescent proteins. The scale bars in all images are 50 lm.
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